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H I G H L I G H T S

• A new coating with self-healing and
osteoimmunomodulatory effects was
formed on Mg.

• FMSN in the coating functioned as
corrosion inhibitor and nanocontainer
of curcumin.

• The coating exhibited self-healing
ability to provide long-term protection
to Mg.

• The coating polarized the macrophage
into M2 phenotype to enhance os-
seointegration.
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A B S T R A C T

To enhance corrosion resistance and osseointegration of Mg-based endosseous implants, novel coatings with self-
healing and osteoimmunomodulation functions were fabricated on Mg. The coatings exhibited similar three-
layered structure, comprising an inner layer of MgO, an interlayer of poly-L-lactide containing curcumin loaded
F-encapsulated mesoporous silica nanocontainers (cFMSNs) and an outer layer of dicalcium phosphate dehy-
drate, while the amounts of cFMSNs contained in the interlayers were different (thus namely 5FMSN, 10FMSN,
20FMSN). Localized-electrochemical impedance spectroscopy, electrochemical and immersion tests were used to
investigate self-healing property and corrosion resistance of the coatings, moreover, curcumin release, im-
munomodulation effects and osseointegration of these coatings were also assayed, together with cFMSNs-free
coating (0FMSN). Due to the cFMSNs functioning as corrosion inhibitor, cFMSNs-contained coatings exhibited
obvious self-healing property to enhance protection to Mg in vitro and in vivo compared to 0FMSN, and the
enhancements were more pronounced with cFMSNs increase. cFMSNs-contained coatings sustainably released
curcumin, and the accumulative curcumin concentration of the 20FMSN immersed physiological saline (PS) was
1.51 μM after 10 days of immersion, which was higher than those of the PS immersing 10FMSN (1.02 μM) and
5FMSN (0.31 μM). Owing to the released curcumin, cFMSNs-contained coatings significantly modulated the
immune microenvironment towards favoring osteo-differentiation and extracellular matrix mineralization of
bone marrow stem cells, consequently exhibited better osseointegration compared to 0FMSN. 20FMSN exhibited
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higher immunomodulatory efficiency compared to 10FMSN and 5FMSN, and thus achieved the best osseoin-
tegration in vivo. Our work paves an alternative way to design coatings on Mg for realizing improved clinical
performance.

1. Introduction

Magnesium and its alloys rise great potential as temporary endoss-
eous implants attributing to their relative high mechanical strength,
elastic modulus similar with that of natural bone, and biodegradability
in physiological environment without toxicity. Unfortunately, high
degradation rate limits their clinical application [1]. To overcome the
demerit, many approaches has been tried, where surface modification-

derived coatings exhibited effective protection to Mg substrates against
corrosion in vitro and in vivo [2], such as zoledronic-acid-loaded PLA/
brushite coating [3], chitosan coating [4], Ca, Sr/P loaded silk fibroin
film [5], hydroxyapatite/MgO coating [6,7]. Among these coatings,
micro-arc oxidization (MAO)-derived MgO coating exhibited sig-
nificantly higher protective efficacy [2]. However, the MAOed coatings
are inherently porous, weakening their corrosion resistance [8,9].
Therefore, biodegradable, biocompatible and drug-loading available

Fig. 1. Schematic representation of the fabrication process of the cFMSNs-contained coating on Mg. (I) cFMSNs synthesis including (1) amino group grafting on MSNs
to form chemical active sites, (2) immobilization of Cl ions, (3) F ions encapsulation and (4) curcumin loading (R. T.: room temperature); (II) spin the PLA solution
containing cFMSNs on the inner layer of porous MgO to form the interlayer of cFMSNs@PLA; (III) chemical deposition to form the outer layer of DCPD; evaluation of
(IV) self-healing as well as (V) osteoimmunomodulation and osseointegration functions of the cFMSNs-contained coatings in vitro and in vivo.
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organic sealants [10], including poly-L-lactide (PLA) [11], chitosan
(CS) [12], polycaprolactone (PCL) [13], were used to seal the pores
contained in the MAOed coatings. PLA was more acceptable, because its
degradation generates acidic intermediate products to neutralize Mg-
degradation derived alkalization, moreover, the final degradation pro-
ducts of PLA are water and carbon dioxide without toxicity [11]. Un-
fortunately, the pore-sealed MAOed coatings would lose their effective
protection during long-term immersion, ascribing to the formation of
micro-cracks/pores in the coatings [9]. For instance, PLA-sealed
MAOed coating exhibited severe corrosion pits on its surface after im-
mersing in Hanks’ balanced salt solution for 140 h [11]; organic re-
agents sealed MAOed coating showed two-orders decrease in im-
pendence after 408 h of immersion in 3.5% NaCl [8]. To further
enhance the corrosion resistance of the coatings, corrosion inhibitors
(CIs) were loaded in the coatings for achieving the self-healing function.
Once physiological fluids penetration-derived microdefects appeared in
the coating, the released CIs would react with degradation-derived
Mg2+ or OH− to form a passive layer and seal the microdefects,
achieving the self-healing process and recovering protective efficacy of
the coating [14]. Typically, the currently developed self-healing coat-
ings on Mg alloys were Ce2+ contained CS/MgO composite coating
[15], PO4

3− contained silk fibroin coating [16], and silk-phytic acid
(PA)/silk fibroin multilayered coating [16]. However, the CIs contained
in these coatings would form insoluble passive layer, such as cerium
oxides/hydroxides, which could induce toxicity to hemostatic system
and osteolysis [17,18], moreover, the CIs contained in the aforemen-
tioned coatings achieved only single function. Alternatively, fluoride
(F−) encapsulated mesoporous silica nanocontainers (FMSNs) could be
served as a CI, employing the released F- reacting with Mg2+ to form
the protective MgF2 film at micro-defects [19]. More importantly, MgF2
could be degraded by the Cl−-contained body fluids [20] without re-
maining insoluble nanoparticles or fragments [18]. Furthermore,
FMSNs also could be served as nanovehicles to controllably deliver
drugs due to their high surface area with good degree of drug loading
[21,22].

Osteogenesis is another major concern for Mg-based endosseous
implants, which is divided into distance osteogenesis and contact os-
teogenesis, the latter is crucial for osseointegration [23]. Contact os-
teogenesis starts with macrophage-mediated inflammatory response.
After implantation, macrophages, revealing two polarized phenotypes
of M1 and M2, are recruited to the implant surface to initiate in-
flammation [24,25]. M1 macrophages destruct the adjacent bone and
form fibrous tissues by secreting pro-inflammatory cytokines such as
interleukin (IL)-1β, inducible nitric oxide synthase (iNOS), and tumor
necrosis factor (TNF)-α. However, M2 macrophages can alleviate in-
flammation by producing anti-inflammatory cytokines such as IL-10,
arginase-1 (ARG) and cluster of differentiation 206 (CD206) and pro-
mote bone regeneration by secreting growth factors to support migra-
tion, homing and osteo-differentiation of bone marrow stem cells
(BMSCs) [24,26,27]. To quickly switch the phenotype of macrophages
from M1 to M2, i.e., realize osteoimmunomodulation towards favoring
osseointegration, chemical agents and immunomodulatory drugs [28]
were immobilized on the surfaces of endosseous implants. Among them,
curcumin was received much concern, due to its biosafety, high toler-
ability [29,30] and versatility [31,32]. For instance, curcumin inhibited
Toll-like receptor 4 (TLR4)-mediated signaling pathway and conse-
quently suppressed macrophage polarizing towards M1, reducing the
risk of chronic inflammation induced fibrotic encapsulation [24,29,31].
Moreover, curcumin alleviated the receptor activator of nuclear factor-
κB ligand (RANKL)-induced osteoclast resorption [33,34] and enhanced
osteo-differentiation of stem cells through activating phosphatidylino-
sitol-3-kinase (PI3K)/protein kinase B (AKT)/nuclear factor erythroid
2-related factor (Nrf2) signaling pathway [35]. Unfortunately, due to
the low solubility and weak chemical stability [31], curcumin should to
be loaded in drug-delivery system to keep long term release. As an
option, FMSNs, which was chosen for CI, could also be employed to

load curcumin. Thus, it can be deduced that loading curcumin-con-
tained FMSNs (cFMSNs) into a coating would simultaneously endow the
coating with self-healing and osteoimmunomodulation functions.
However, to our best of knowledge, cFMSNs contained coating on Mg
with the aforementioned dual-function has not been reported yet. Fol-
lowing osteoimmunomodulation, the recruitment of osteogenesis-re-
lated cells to the implant surface, differentiation, and extracellular
matrix (ECM) mineralization of the cells occur sequentially to induce
contact osteogenesis [36,37], and the osteogenic functions of the cells
could be significantly enhanced by Ca-P contained surfaces [38].

Herein, we fabricated a novel coating on Mg, which simultaneously
exhibited self-healing and osteoimmunomodulation functions to en-
hance corrosion resistance and osseointegration of Mg-based implants.
The obtained coating composed of dicalcium phosphate dehydrate
(DCPD) as an outer layer, PLA containing cFMSNs as an interlayer and
pores-sealed MgO with PLA containing cFMSNs as an inner layer. The
self-healing property of the coatings with different cFMSNs-loading
amounts were tested in vitro, and the osteoimmunomodulation and
osseointegration of the coatings were evaluated in vitro and in vivo.
Notably, curcumin in the present work is a model drug and can be re-
placed by other bio-regents to achieve various functions. Thus, the
present work provided a new and simple strategy for designing multi-
functional coatings with high corrosion resistance on Mg-based en-
dosseous implants.

2. Materials and methods

The entire experimental protocols were schematized in Fig. 1.

2.1. Materials and reagents

WE43 Mg alloy was purchased from Northwest Institute for
Nonferrous Metal Research; Cetyltrimethylammonium bromide
(CTAB), tetraethoxysila (TEOS), thyl acetate (EA), (3-Aminopropyl)
triethoxysilane (APTES), curcumin powder, glutaraldehyde and
Alizarin Red were purchased from Sigma-Aldrich Co. Ltd. (USA); PLA
powder, 1-propanol, 2-propanol, anhydrous toluene, HCl, FeCl3, NaF,
ethanol, Na3PO4, Ca(OH)2, NaOH, chloroform, Ca(H2PO4)2·H2O and
cetylpyridinum chloride were obtained from Sinopharm Chemical
Rengent Co., Ltd. (Shanghai, China); Dulbecco’s modified Eagle
medium (DMEM)-F12k 1: 1 and antibiotics were purchased from
Hyclone Co. Ltd. (USA); fetal bovine serum (FBS, FND500) was pur-
chased from ExCell Bio Co. Ltd. (Shanghai, China); alamarBlue™, Live/
dead staining kit, TRizol reagent and BCA protein assay kits were
purchased from Thermo Fisher Scientific Co. Ltd. (USA); First Strand
cDNA Synthesis Kit was obtained from Roche Co. Ltd. (Switzerland);
BCIP/NBT ALP color development kit was purchased from Beyotime
Co. Ltd. (Shanghai, China); SensoLyte® pNPP Alkaline Phosphatase
Assay Kit was obtained from AnaSpec Inc. (USA).

2.2. Coating preparation

2.2.1. Synthesis of FMSNs and loading curcumin in the FMSNs
The procedure of FMSNs synthesis was described in previous study

[19]. Briefly, 1.0 g CTAB was added into 480 mL deionized water,
followed by adding 3.5 mL NaOH solution (2.0 M), and adjusting the
temperature of the mixture to 70 °C. After intensely stirring for 30 min,
5.5 mL TEOS and 5.0 mL EA were sequentially added into the mixture
under vigorous magnetic stirring to form white precipitate. The pre-
cipitation was filtered, washed, and dried overnight at 60 °C. The re-
sultant MSNs were then refluxed in 340 mL 2-propanol containing
10 vol% HCl for 2 h to remove the unreacted CTAB. Then the obtained
MSNs were suspended in 120 mL anhydrous toluene under N2 atmo-
sphere. After dropwise adding 3.0 mL APTES, the reactants were stirred
and refluxed overnight in N2 ambient. The precipitation was filtered
and washed, and then suspended in 140 mL 1-propanol solution with
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addition of 1.40 g FeCl3 for 6 h followed by filtrating and washing with
water and ethanol. The obtained powder was transferred into 150 mL
aqueous solution containing 1.0 g NaF, followed by stirring for 1 day
and washing with ethanol, centrifuging and drying to achieve the
synthesis of FMSNs.

Subsequently, 0.1 g of the obtained FMSNs were dispersed in
500 mL ethanol containing 0.5 g curcumin followed by stirring for 12 h
in dark at room temperature. Then the mixture was centrifuged, washed
and dried to get the cFMSNs.

2.2.2. Micro-arc oxidation
Disc- and pillar-shaped WE43 Mg alloy with the respective size of

Ф14 × 4 mm,Ф1.6 × 4 mm were used as the anodes and stainless steel
plate was used as the cathode in an aqueous electrolyte containing
0.02 M Na3PO4, 0.135 M Ca(OH)2, and 0.125 M NaOH to receive MAO.
The MAO process lasts for 10 min at 450 V positive pulse voltage,
100 Hz pulse frequency, and 26% duty ratio at a home-made power
supply. The obtained coating was named as MAO0.

2.2.3. DCPD/cFMSNs@PLA layers formed on MAO0

The preparation of the DCPD/cFMSNs@PLA layer formed on MAO0

was carried out as follows: the powder of PLA was dissolved in
chloroform with 3 wt/v%, then cFMSNs were added into the PLA so-
lution with the concentration of 5, 10, 20 wt% relative to the content of
PLA, respectively. 50 μL PLA solution without or with different cFMSNs
concentrations was spin coated on each of MAO0-coated Mg followed
by another 2 times of repetition. The obtained coated Mg were verti-
cally immersed in a supersaturated solution of Ca(H2PO4)2·H2O with an
initial pH of 4.0 overnight at room temperature to deposit DCPD. The
resultant coatings were termed as 0FMSN, 5FMSN, 10FMSN, 20FMSN,
respectively. The aforementioned procedures were performed in dark.

2.3. Characterizing the structures of the nanospheres and the coatings

The morphologies of MSNs, FMSNs and the constructed coatings
were characterized by a field-emission scanning electron microscope
(FE-SEM, FEI QUANTA 600F, USA) with an energy-dispersive X-ray
spectrometer (EDX). The chemical species of MSNs and FMSNs were
examined with X-ray photoelectron spectroscope (XPS; Axis Ultra, U.
K.). In XPS tests, Mg Kα radiation was used as X-ray source, and the
photoelectron take off angle was set at 45°. The obtained XPS spectra
were calibrated to C 1s (hydrocarbon C–C, C–H) contribution at the
binding energy of 284.8 eV. Transmission electron microscope (TEM;
JEOL JEM-2000FX, Japan) operating at 200 kV was used to examine
the microstructures of MSNs and FMSNs. Phase compositions of MSNs
and FMSNs were examined by an X-ray diffractometer (XRD; X’Pert
PRO, Netherlands) with small-angle X-rays scattering mode (SAXS), and
the XRD was also used to identify the phase compositions of the con-
structed coatings over a 2θ angle of 20–50° at a step of 0.02°.

2.4. Self-healing ability and corrosion resistance of the coatings

2.4.1. Immersion tests
The immersion tests of the 0FMSN-, 5FMSN-, 10FMSN- and

20FMSN-coated Mg discs were carried out in physiological saline (PS,
i.e., 0.9 wt% NaCl aqueous solution) at 37 °C for 21 days, together with
the bare Mg disc. Each of the discs was sealed with epoxy resin in order
to expose only one side to the solution. The hydrogen evolution and pH
value of each disc immersed PS were monitored. After 3 days of im-
mersion, Mg2+ and Ca2+ concentrations of each disc immersed solution
were examined with inductively coupled plasma atomic emission
spectrometry (ICP-AES; PerkinElmer, NexION 350D, USA). All tested
values were averaged from three specimens at each immersion time
point. After 21 days of immersion, the immersed discs were taken out of
the PS prior to the washing with deionized water and drying, the sur-
face macro-morphologies of the discs were captured using a digital

camera (Canon, Japan).

2.4.2. Electrochemical tests
Potentiodynamic polarization (PDP) and electrochemical im-

pedance spectroscopy (EIS) tests of the coated Mg and bare Mg discs
were performed before and after 24 h of immersion in PS, using an
autolab potentiostat set (PGSTAT, 128 N, Metrohm). For PDP tests,
each of the discs was immersed in a three electrode cell containing PS
solution to act as a working electrode. A saturated calomel electrode
(SCE) was used as the reference electrode and Pt as the auxiliary
electrode. The PDP curves were measured from −1.5 V to 0.5 V (re-
ferred to the SCE) at a scanning rate of 5 mV/s. The EIS tests were
carried out at the open circuit potential, and a 10 mV amplitude sine
wave was applied throughout the experiments at frequencies between
1 × 10−1 Hz and 1 × 105 Hz. The impedance data were analyzed using
the Zview 3.1 software (USA). All PDP and EIS tests for the bare Mg disc
and each kind of the coated discs were performed in triplicate.

2.4.3. Localized electrochemical impedance spectroscopy (LEIS)
measurements

Self-healing property of the coatings were tested using LEIS as
previously described [39]. Briefly, each of the coated discs was sealed
with epoxy resin leaving only one side. An artificial defect
(0.5 mm × 1 mm) exposing the substrate was produced on the surface
of each coated disc using a diamond cone, and then the coated disc with
artificial defect was immersed in PS for 24 h. Subsequently, a five-
electrode configuration (VersaSCAN, USA) was used to obtain the im-
pedance values via LEIS probe scanning over a 2.0 mm × 3.0 mm sized
area including the artificial defect on the coated disc in PS and a fre-
quency of 10 Hz was used during LEIS scanning. Each type of the coated
discs was tested in triplicate.

2.4.4. Curcumin released from the coated Mg in vitro
The assay of curcumin released from the 5FMSN-, 10FMSN- and

20FMSN-coated Mg discs was carried out in PS (pH 7.4) at 37 °C for
10 days. To exclude the interference from other elements derived from
coating degradation, 0FMSN-coated disc, defined as a blank group, was
also immersed in PS along with other groups. The coated discs were
placed in 24-well plates and immersed in 1 mL PS. At each time point,
the PS were pipetted and transferred into cuvettes, followed by adding
fresh PS into each well. The absorbance of the solution in cuvette was
measured by a Multiscan GO microreader (Thermo Scientific, USA) at
425 nm, and then the absorbance of the blank groups was deducted
from those of experimental groups. The concentrations of curcumin
were drawn from a standard curve of absorbance versus known stan-
dards of curcumin concentrations. For each type of the coated discs,
four specimens were tested.

2.5. Assessment of macrophages polarization and osteogenetic functions of
BMSCs in vitro

2.5.1. Cell culture
Mouse macrophage, Raw264.7, and BMSCs were purchased from

the Institute of Biochemistry and Cell Biology of Chinese Academy of
Sciences (Shanghai, China). Both the macrophages and BMSCs were
incubated with the culture medium, containing DMEM-F12k 1: 1 with
10% FBS and 1% antibiotics and in a humidified atmosphere incubator
with 5% CO2 and 95% air at 37 °C. And the culture medium used for
both cells were refreshed every 2 days throughout the whole incubation
period.

2.5.2. Macrophages polarization on the coated discs
Alamar blue assay and live/dead staining were performed to iden-

tify the cytocompatibilities of the coated Mg discs. Briefly, the 0FMSN-,
5FMSN-, 10FMSN- and 20FMSN-coated Mg discs were placed centrally
in 24-well plates. RAW264.7 were seeded on the discs with a density of
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1 × 104 cells per well and incubated for 1, 3, and 5 days. At each time
point, the culture medium was discarded, followed by rinsing each of
the cell-adhered coated discs with phosphate buffer saline (PBS) twice
and transferring to new 24-well plates. 500 μL culture medium con-
taining 10 vol% alamarBlueTM was added to each well and incubated
for 4 h. 100 μL of the resultant solution was transferred to new 96-well
plates followed by measuring the absorbance at 570 nm and 600 nm
using Multiscan GO microreader (Thermo Scientific, USA). The values
of OD570nm/OD600nm were used to reveal the mitochondrial activities of
the macrophages cultured on the coatings. Four specimens from each
group were tested, and each test was repeated four times.

Live/dead staining kit was conducted to identify the viable
Raw264.7 cells on the coated Mg after 1, 3, and 5 days of incubation. At
each time point, the cell-adhered coated discs were washed with PBS
followed by adding 300 μL of PBS containing ethidium-homodimer-1
(4 μM) and calcein-AM (2 μM) to each well and incubating at 37 °C for
30 min. The fluorescence-stained cells were analyzed using a fluores-
cence microscope (Nikon, Japan).

After 1, 3 and 5 days of incubation, the cell-adhered samples were
washed with PBS and fixed with 4% glutaraldehyde for 1 h at 4 °C. The
cell-adhered coated discs were then dehydrated in gradient ethanol,
followed by vacuum drying. After coating gold, the cell-adhered coated
discs were observed under FE-SEM for cell morphologies.

The expressions of inflammation-related genes of the macrophages,
cultured on the coated discs for 3 and 5 days, were evaluated with real
time polymerase chain reaction (RT-PCR). The total RNA was isolated
using the TRizol reagent and reversed transcribed into complementary
DNA using First Strand cDNA Synthesis Kit. Expressions of M1 pheno-
type markers, including TNF-α, IL-1β, iNOS and M2 phenotype mar-
kers, including IL-10, CD206, and ARG were quantified using detection
system (LightCycler@96, Roche, Switzerland). Data analysis was carried
out using LightCycler@96 instrument software 1.1 (Roche,
Switzerland). The housekeeping gene, glyceraldehyde-3-phosphate de-
hydro-genase (GAPDH), was used as an endogenous reference gene to
normalize calculation through the 2−ΔΔCt method. The sequences of the
specific primer for these genes were listed in Table S1. Four samples
from each group were tested at each time point, and the tests were
independently repeated four times.

2.5.3. Osteogenetic modulation of the coatings
The RAW264.7 cells were seeded on the 0FMSN-, 5FMSN-, 10FMSN-

and 20FMSN-coated Mg discs as described in Section 2.5.2, and the
culture medium after incubating the cells seeded on the coated discs for
3 days were collected and centrifuged to get the supernatants. The
obtained supernatants, termed as conditioned culture medium (CCM),
were kept at 4 °C until use. BMSCs were seeded in 48-well plates with a
density of 5 × 103 cells for each well and cultured for 24 h to allow the
cells adhering to the plate. Thereafter, the culture medium was replaced
by CCM and refreshed every 2 days. After 7 and 14 days of incubation,
the osteogenesis-related gene expressions including runt-related tran-
scription factor 2 (Runx2), Alkaline phosphatase (ALP), osteopontin
(OPN) and osteocalcin (OCN) were tested by RT-PCR using the method
described in Section 2.5.2. For each kind of CCM, cells obtained from
three replicated wells were tested at each time point, and the tests were
independently repeated four times.

After culturing with CCM for 7 days, the BMSCs adhered on the
culture plates were washed with PBS and fixed with 4% glutaraldehyde
for 1 h. ALP staining assay was conducted with the BCIP/NBT ALP color
development kit follow the manufacturer’s instruction. In parallel, ALP
activities of the BMSCs was determined through SensoLyte® pNPP
Alkaline Phosphatase Assay Kit. Briefly, the BMSCs were lysed with the
lysis solution contained in the assay kit at 4 °C for 10 min followed by
centrifuging to get the supernatants. The obtained supernatants were
transferred to new 96-well plates prior to the addition of p-nitrophenyl
phosphate (p-NPP) substrates and incubated at 37 °C for 30 min. The
absorbance was measured by a Multiscan GO microreader (Thermo

Scientific, USA) at 405 nm and the ALP activities were drawn from a
standard curve of absorbance versus known standards of ALP activities,
and the standard samples were tested in parallel with the experimental
supernatants. The results were normalized to the intracellular total
protein contents tested by BCA protein assay kits. Triplicate wells
containing cells from each type of CCM treatment group were tested at
each incubation time point, and the tests were independently repeated
four times.

ECM mineralization of BMSCs was analyzed using Alizarin Red
staining. The BMSCs were incubated in CCM for 14 and 21 days, at each
time point, the cells were fixed in 75% ethanol for 1 h, followed by
staining with 2% Alizarin Red solution for 10 min. Afterwards, the cell-
adhered plates were washed with distilled water until color absence.
The staining images of ECM mineralization were captured at day 21 of
incubation. For quantitative analysis, the stain on the culture plate that
BMSCs were cultured for 14 and 21 days with CCM was dissolved in
10 mM Na3PO4 solution containing 10 vol% cetylpyridinum chloride,
and the absorbance values were measured at 620 nm. Three replicated
wells were set up for each type of CCM at each incubation time to run
the tests, and the tests were independently performed four times.

2.6. Animal experiments

2.6.1. Animals and surgery
All the animal experiments were conducted according to the ISO

10993-2: 2006 animal welfare requirements, and all the procedures in
the animal experiments were approved by the animal research com-
mittee of Xi’an Jiaotong University. Eighteen adult rats (about 250 g)
were employed to evaluate the osseointegration of 0FMSN- and
20FMSN-coated Mg and bare Mg pillars (six for each group), and the
bare Mg pillar was defined as the control group. The rats were an-
esthetized by an intramuscular injection of 2.5 wt% pentobarbital so-
dium solution. Two holes (Ф 1.6 mm) were respectively drilled in the
right and left femoral condyles of each rat; then, the pillars were in-
serted, followed by suturing the muscle, subcutaneous tissue, and skin.
Postoperatively, the rats were received brizolina intramuscular injec-
tion for three days and allowed to move freely in cages.

2.6.2. Histological examinations assays
After 4 weeks of surgery, the rats were sacrificed. The femora

containing the implanted pillars (n = 6 for each group) were fixed in
formalin, dehydrated by ethanol with ascending concentrations, and
polymethyl methacrylate (PMMA) were used for embedding. The em-
bedded samples were cut into sections (~150 μm thickness) using a
microtome (Leitz 1600, Germany); the sections were ground, polished
to foils with a thickness of 20 μm, and subsequently stained with Van
Gieson’s picric–fuchsine for histological analysis. The sections were
observed by an Olympus IX 71 microscope (USA) and analyzed using
Image-Pro Plus software.

2.6.3. Micro-CT assay
Micro-CT assay was used to evaluate the remaining volumes of the

coated and bare Mg pillars and peri-implant bone formation after
4 weeks of implantation in the femoral condyles of rats. The rats im-
planted with the pillars were sacrificed followed by collecting the fe-
mora containing the pillars and scanning by a Micro-CT device (ALOKA,
Hitachi, Japan) for 3D reconstruction with an image resolution of 8 μm.
The 3D high-resolution reconstructed images were obtained and ana-
lyzed with the software of mimics 10.01 (Materialise, Belgium).

2.7. Statistical analysis

The data were expressed as mean ± standard deviation (SD) from
repeated independent experiments. The data were analyzed using SPSS
16.0 software (USA). A one-way ANOVA followed by a least-significant-
difference (LSD) post hoc test was used to determine the level of
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significance. Here, p < 0.05 and 0.01 were considered to be significant
and highly significant, respectively.

3. Results

3.1. Microstructures of the coatings

The morphologies, phase identification and chemical species of the
synthesized MSNs before and after F grafting were shown in Fig. S1,
revealing the successful F− encapsulation but without destroying the
mesoporous structure of MSNs.

Fig. 2 shows the microstructural features of the different layers
formed on Mg. The MAOed layer (i.e. MAO0 coating) displayed a
porous morphology with 2 ~ 3 μm diametric pores homogeneously
distributing over its surface (Fig. 2A1), and the layer composed of MgO
as identified by XRD in Fig. 2B. After spin-coating treatment, the mi-
crospores in the MAOed layer were sealed with the PLA, which further
formed an integrate layer to overlay the MAOed layer (Fig. 2A2). The
PLA layer exhibited a macroscopic wrinkled morphology, but each of
the microcosmic winkles was smooth (inset in Fig. 2A2). However, after
mixing cFMSNs into the PLA solution, some granules were observed in
the winkles of the cFMSNs@PLA layer (as marked by arrows in
Fig. 2A3), which were the agglomeration of the cFMSNs as confirmed
by the XRD pattern in Fig. 2B. In addition, with increasing the loading
amounts of cFMSNs, more granules were observed in the cFMSNs@PLA
layer, and the original macroscopic wrinkled morphologies became
more flat and compact (Fig. 2A4 and A5). After Ca-P depositing, plate-
like crystals composed of DCPD, as confirmed by XRD (Fig. 2B), were

formed above the spin-coating derived layer. The cross-sectional mor-
phology of 20FMSN, as a representative, was shown in Fig. 2C. With the
aid of EDX profiles of Ca, P, O and Mg on the cross-section of the
coating, it was clearly drawn that the coating comprised three-layered
structure with DCPD as an outer layer, cFMSNs@PLA as an interlayer
and cFMSNs@PLA sealed MgO as an inner layer adjacent to Mg. No-
tably, no discontinuities were observed at the interlaminar interfaces
and the coating/substrate interface, revealing the firm adhesion within
the interlayers and between the coating and Mg substrate.

3.2. Self-healing, corrosion resistance and drug release properties of the
coatings

LEIS assay was carried out to investigate the local corrosion re-
sistance of the artificial defect-contained coatings after 24 h of im-
mersion in PS. To observably demonstrate the descending amplitude of
the impedance values, the percentages between the impedance values
respectively obtained from the inside and outside areas of the artificial
defects contained in the coatings were shown in LEIS 3-dimensional
maps (Fig. 3A). The impedance value within the artificial defect in
0FMSN displayed the most pronounced decline amplitude of about
67.23%, and the decline percentages of the impedance values within
artificial defects in 5FMSN, 10FMSN, and 20FMSN coatings were about
39.02%, 27.06% and 23.96%, respectively. The results revealed that
the coatings with cFMSNs exhibited self-healing capability to maintain
higher corrosion resistance even though the appearance of the defects
during immersion. In addition, the self-healing capability of the coat-
ings was enhanced with increasing the loading amounts of cFMSNs.

Fig. 2. (A) Surface morphologies of (A1) MAO0, (A2) PLA layer without cFMSNs spin coated on the MAOed layer, (A3) 5 wt% cFMSNs contained-PLA layer spin
coated on the MAOed layer (5cFMSNs@PLA/MgO), (A4) 10 wt% cFMSNs contained-PLA layer spin coated on the MAOed layer (10cFMSNs@PLA/MgO), (A5) 20 wt
% cFMSNs contained-PLA layer spin coated on the MAOed layer (20cFMSNs@PLA/MgO), (A6) the chemical deposited DCPD layer on 20cFMSNs@PLA/MgO; (B)
XRD spectra of (I) MAO0, (II) 0FMSN, (III) 5FMSN, (IV) 10FMSN and (V) 20FMSN; (C) the cross-sectional morphology of 20FMSN.
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Fig. 3. (A) LEIS impedance mapping over the artificial defect included areas on the surfaces of 0FMSN-, 5FMSN-, 10FMSN-, and 20FMSN-coated Mg discs after 24 h
of immersion in PS solutions; (B) polarization curves and (C) Nyquist plots of EIS spectra of the bare and coated Mg discs before and after 24 h of immersion in PS
solutions, and the insets showing the equivalent circuits used to fit the impedance data of the bare and coated Mg discs; (D) hydrogen volumes released by the bare
and coated Mg discs immersed in the PS solutions and (E) pH values of the PS solutions immersing the bare and coated Mg discs as a function of time; (F) Mg2+ and
Ca2+ concentrations of the PS solutions immersing the bare and coated Mg discs for 3 days; (G) macro-morphologies of the bare and coated Mg discs after 21 days of
immersion in the PS solutions; (H) the curves of the accumulative released curcumin concentrations measured in the PS solutions immersing the 5FMSN-, 10FMSN-,
and 20FMSN-coated Mg discs as a function of immersion time. N.S.: no significance, (*) p < 0.05, (**) p < 0.01.

Table 1
Corrosion potentials (Ecorr values) and corrosion current densities (icorr values) obtained from the polarization curves of the bare, 0FMSN, 5FMSN, 10FMSN, 20FMSN-
coated Mg discs and EIS fitted parameters of the equivalent circuits for the bare, 0FMSN, 5FMSN, 10FMSN and 20FMSN-coated Mg discs before and after 24 h of
immersion in PS solutions.

Samples Before immersion 24 h of immersion

Bare Mg 0FMSN 5FMSN 10FMSN 20FMSN Bare Mg 0FMSN 5FMSN 10FMSN 20FMSN

Ecorr (V. vs SCE) −0.70 −0.62 −0.57 −0.51 −0.50 −0.73 −0.68 −0.61 −0.57 −0.50
icorr (μA/cm2) 74.13 30.90 13.18 12.02 12.30 165.96 38.02 25.07 14.13 12.88
Rs (Ω) 65.86 42.66 60.7 51.56 48.70 52.2 47.57 48.44 39.64 51.80
Rpo (Ω·cm2) 691.8 925.2 999.6 1024 1395 183.6 852.2 972.7 1019 1083
Qpo (μF·cm−2) 65.05 15.46 11.12 10.49 49.22 641.20 1276 163.2 1180 36.43
npo 0.51 0.80 0.44 0.51 0.51 0.8 0.51 0.39 0.44 0.38
Rct (Ω·cm2) 135 1626 1642 1759 1970 292.7 462.4 484.9 764.9 1699
Qdl (μF·cm−2) 3123 334.5 390.9 287.9 294.8 10.05 24.31 163.2 29.66 19.18
ndl 0.85 0.8 0.45 0.44 0.30 0.80 0.46 0.67 0.44 0.46
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To further investigate the protective efficacy and confirm the self-
healing capability of the coatings after long term immersion, electro-
chemical and immersion tests were carried out. Fig. 3B shows the PDP
curves of the bare and coated Mg discs before and after 24 h of im-
mersion in PS, from which the corrosion potentials (Ecorr) and corrosion
current densities (icorr) of the samples could be drawn as summarized in
Table 1. Before immersion, the 5FMSN-, 10FMSN-, and 20FMSN-coated
Mg discs exhibited similar icorr, which were lower than the 0FMSN-
coated Mg disc, and much lower than the bare Mg. In addition, Mg with
the cFMSNs contained coatings showed more positive Ecorr compared to
the 0FMSN-coated Mg and bare Mg discs. After 24 h of immersion, the
icorr of all the samples increased but with different amplitudes, fol-
lowing the trend of bare Mg > 0FMSN≈5FMSN > 10FMSN >
20FMSN.

Fig. 3C exhibits the Nyquist plots drawn from EIS spectra of the bare
and coated Mg discs before and after 24 h of immersion in PS. All the
samples exhibited similar features with two capacitance loops before
and after immersion: the high-frequency one was attributed to the
corrosive solution penetrating into the fabricated coatings or the cor-
rosion-derived layer (for bare Mg) [40], and the lower one was asso-
ciated with Faradaic charge transfer reactions at the interfaces of the
coatings/corrosion-derived layer and Mg substrates [41–43]. The
equivalent circuits (ECs) used to fit the impedance data of the samples
were shown in the insets of Fig. 3C. In the ECs, Rs is the resistance of PS
solution; Qdl and Rct represent the capacitance of electric double layer
and charge transfer resistance at coating/substrate interface; Qpo and
Rpo are the capacitance and solution penetration resistance. The fitted
parameters of the ECs were presented in Table 1. Before immersion, all
the coated Mg discs showed larger Rpo and Rct values than bare Mg,

suggesting the coatings could effectively impair the penetration of
corrosive solution to react with Mg substrates. The protective efficacy
was enhanced with increasing the cFMSNs loading amounts, ascribing
to the gradually increased compactness of the cFMSNs@PLA interlayers
in the cFMSNs contained coatings (Fig. 2A3-5). After 24 h of immersion,
the Rpo and Rct values of all the coated Mg discs decreased, while the
decline amplitudes of the Rpo and Rct values, especially the Rct values,
were quite different. The 0FMSN-, 5FMSN-, 10FMSN- and 20FMSN-
coated Mg discs exhibited 71.56%, 70.47%, 56.52% and 13.76% de-
creases in Rct values, respectively, revealing the still more effective
protection of 20FMSN to Mg substrate after immersion. The electro-
chemical test results revealed that increasing the cFMSNs loading
amounts endowed the coatings with improved self-healing capability to
enhance the protective effects to Mg substrates against corrosion during
immersion.

The hydrogen evolution and alkalization of the solution immersing
the bare and coated Mg discs were monitored and displayed in Fig. 3D
and E. During the immersion period, the amounts of released H2 from
all the samples increased but with different increments. At each time
point, the bare Mg disc released the largest amount of H2 among all the
samples, indicating its fast corrosion. However, the coated Mg discs
significantly decreased H2 production compared to the bare Mg disc,
and the decrements were more pronounced for the Mg discs with
cFMSNs contained coatings, especially for the 20FMSN-coated Mg disc
after long term immersion. pH value was another indicator of Mg cor-
rosion. The alkalization of the coated Mg discs immersed solutions were
lowered compared to that of the bare Mg disc immersed solution within
the whole duration of immersion, of which, the 20FMSN-coated Mg disc
induced the slightest alkalization of its surrounding solution. Besides H2

Fig. 4. (A) AlamarBlueTM tested mitochondrial activities and (B) live/dead staining fluorescent images of the RAW264.7 cultured on the 0FMSN-, 5FMSN-, 10FMSN-,
and 20FMSN-coated Mg discs for 1, 3 and 5 days; (C) FE-SEM images of the RAW264.7 cultured on the coated Mg discs for 1, 3 and 5 days; (D) gene expressions of the
RAW264.7 cultured on the coated Mg discs for 3 and 5 days: pro-inflammatory cytokines TNF-α, IL-1β, iNOS and anti-inflammatory cytokines IL-10, CD206, ARG.
Data are presented as mean ± SD, n = 4, N.S.: no significance, (*) p < 0.05, (**) p < 0.01.
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evolution and alkalization of the solutions, the degradation of MgO
layers in the coatings and underlying Mg altered the Mg2+ concentra-
tions of the solutions immersing the coated and bare Mg discs; in par-
allel, the degradation of the DCPD layers in the coatings released Ca2+

into their surrounding solutions. After 3 days of immersion, the Mg2+

concentrations of the PS immersing the bare and coated Mg discs and
Ca2+ concentrations of the PS immersing the coated Mg discs were
shown in Fig. 3F. The coated Mg discs resulted in lower Mg2+ con-
centrations of their surrounding solutions compared to the bare Mg.
Notably, the 0FMSN-, 5FMSN- and 10FMSN-coated Mg discs induced
about 14 ppm Mg2+, while much lower amount of Mg2+ (8.26 ppm)
was detected in the 20FMSN-coated Mg disc immersed solution, in-
dicating more effective inhibition of Mg and MgO degradation by
20FMSN. However, the Ca2+ concentrations of the PS immersing the
coated Mg discs were comparable due to the similar degradation rates
of the outer DCPD layers in the coatings.

The macroscopic corrosive morphologies of the bare and coated Mg
discs after 21 days of immersion in PS were shown in Fig. 3G. The
whole surface of the bare Mg disc was corroded to form large amounts
of corrosion pits and cracks with corrosion products deposition, while
fewer of cracks and corrosion pits were observed on the coated Mg
discs, and the amounts of cracks and corrosion pits became less pro-
nounced with increasing cFMSNs loading amounts in the coatings.

The curcumin release behaviors of the cFMSNs contained coatings
were tested, as shown in Fig. 3H. The release curves of all the coatings
showed similar features, exhibiting the burst release within 4 days of
immersion but with different amounts. It showed that the accumulative
curcumin concentrations of the PS immersing 5FMSN, 10FMSN and
20FMSN for 4 days was about 0.26, 0.90 and 1.48 μM. After that, the
curcumin release from each kind of the coated Mg discs reached a

plateau range and at day 10, the accumulative concentrations of re-
leased curcumin were about 0.31, 1.02 and 1.51 μM for 5FMSN,
10FMSN and 20FMSN, respectively. The curcumin release rates from
the coated Mg discs were lower than those from curcumin-loaded MSNs
and curcumin-loaded PCL-poly ethylene glycol (PEG) coating [29,44],
which may attribute to the blocking effects of the PLA and the outer
layer of DCPD as well as the controllable release effects of FMSNs.

3.3. Cytocompatibility, osteoimmunomodulation and osteogenesis of the
coatings

AlamarblueTM assay and live/dead fluorescent staining of macro-
phages cultured on the coated Mg discs were performed after 1, 3 and
5 days of incubation, as shown in Fig. 4A. The mitochondrial activities
and the live cell numbers of macrophages cultured on the coated Mg
discs increased with incubation time but without significant differences
between the groups, indicating the good cytocompatibilities of all the
coatings. The morphology variations of the macrophages cultured on
the coated Mg discs for 1, 3 and 5 days were examined by FE-SEM. The
macrophages cultured on the 0FMSN-coated Mg disc exhibited sphe-
rical shape and spread less during the incubation period. However, the
cells spread out on the Mg discs with cFMSNs contained coatings,
especially on the 20FMSN-coated Mg disc, growing into large sized
polygonal cells with prolonging incubation time.

The changes in macrophage morphology has been demonstrated to
be associated with its phenotype. It has been reported that polarized M1
macrophage exhibited a round-like shape without spread, while the M2
macrophages displayed spindle-shaped and better spreading mor-
phology [45,46], suggesting that the macrophages cultured on the
cFMSNs-contained coatings (especially on 20FMSN) were polarized into

Fig. 5. (A) Schematic diagram showing the procedure of extracting macrophages-conditional culture medium (CCM) to culture the BMSCs seeded on tissue culture
plates; (B) gene expressions of osteogenic markers Runx2, ALP, OPN and OCN of the BMSCs cultured with CCM for 7 and 14 days; (C) ALP activities and ALP staining
pictures of the BMSCs cultured with CCM for 7 days; (D) alizarin red staining assessed quantitative values of the BMSCs cultured with CCM for 14 and 21 days and the
staining pictures taken at day 21 as a visual example. Data are presented as the mean ± SD, n = 4, (*) p < 0.05 and (**) p < 0.01. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

B. Li, et al. Chemical Engineering Journal 403 (2021) 126323

9



M2 phenotype at an earlier time than those cultured on 0FMSN. To
further clarify the modulation effects of the coated Mg discs on the
phenotypes of macrophage, the pro-inflammation-related (M1) and
anti-inflammation-related (M2) genes of macrophages cultured on the
coatings for 3 and 5 days were evaluated, as shown in Fig. 4D. For each
kind of the coatings, the macrophage-secreted pro-inflammatory cyto-
kines, TNF-α, IL-1β and iNOS were downregulated, while the anti-in-
flammatory cytokines, IL-10, CD206 and ARG were upregulated over
time, indicating the beneficial anti-inflammatory effects of all the
coatings. However, at each incubation time point, the TNF-α, IL-1β and
iNOS were significantly downregulated by the cFMSNs contained
coatings compared to 0FMSN, and the decline was most pronounced for
the cells cultured on 20FMSN; simultaneously, IL-10, ARG and CD206
genes were highly upregulated by the cFMSNs contained coatings,
especially for the coatings loaded with more amount of cFMSNs. The
results indicated that the Mg discs with cFMSNs contained coatings
quickly switched the phenotype of macrophages from M1 to M2 com-
pared to the 0FMSN-coated Mg disc and shortened the lasting duration
of inflammation, of which, the coatings containing higher amounts of
cFMSNs showed more efficient modulation.

It has been reported that the cytokines secreted by the M1 and M2
macrophages would induce significant different behaviors of osteogenic

cells [24,26]. In addition, Mg-based implants degradation derived al-
kalization of the culture medium, H2 and ions release, such as Mg2+,
could also impact the functions of osteogenic cells [6,47]. To determine
the modulation effects of the macrophages-secreted cytokines and the
coated Mg degradation derived alteration of the microenvironment on
the osteo-differentiation of BMSCs, CCM were used to culture BMSCs
seeded on tissue culture plate (TCP) for different time. CCM was the
collected supernatant of the culture medium after culturing macro-
phages seeded on the coated Mg discs for 3 days, as schematically il-
lustrated in Fig. 5A and termed as M/0FMSN CCM, M/5FMSN CCM, M/
10FMSN CCM and M/20FMSN CCM, respectively. Expressions of os-
teogenesis-related genes, including Runx2, ALP, OPN and OCN of the
BMSCs cultured with CCM on TCP for 7 and 14 days were detected, as
shown in Fig. 5B. The mRNA expressions of Runx2, OPN and OCN in
the BMSCs cultured with all the CCM increased with incubation time
from 7 to 14 days, while the ALP mRNA expressions at day 14 were
obviously down-regulated compared to those in the cells cultured in the
corresponding CCM at day 7, attributing to the beginning mineraliza-
tion of BMSCs [47]. It is worth noticing that at each time point, M/
5FMSN CCM, M/10FMSN CCM and M/20FMSN CCM significantly up-
regulated the Runx2, OPN, OCN and ALP gene expressions of the
BMSCs compared to M/0FMSN CCM but with different increments,

Fig. 6. (A) Micro-CT images of the bare, 0FMSN-, and 20FMSN-coated Mg pillars (marked in white color) implanted in femoral condyles of rats for 4 weeks with or
without the peri-implant bone (marked in yellow color) and (B) residual volumes of the pillars; quantitative analysis of (C) bone volume fraction (BV/TV), (D)
trabecular number (TB. N), (E) trabecular thickness (TB. TH) of the peri-implant bone calculated from the Micro-CT assay; (F) histological stained images at
implantation time of 4 weeks of the bare, 0FMSN-, and 20FMSN-coated Mg pillars; and (G) corresponding bone-implant contacts. Data are presented as the
mean ± SD, n = 6, (*) p < 0.05 and (**) p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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following the order of M/5FMSN CCM < M/10FMSN CCM < M/
20FMSN CCM. Fig. 5C showed the quantified ALP activities and ALP
staining assay of the BMSCs cultured with CCM for 7 days. The varia-
tion trends of the ALP activities and its expressions at protein level in
BMSCs were similar with that of the gene expression at day 7 (Fig. 5B),
indicating that the ALP synthesis in BMSCs was significantly enhanced
by the cFMSN contained-coatings resultant CCM, especially for M/
20FMSN CCM. Fig. 5D shows the Alizarin red staining assays of ECM
mineralization of the BMSCs cultured with CCM for 14 and 21 days. The
results revealed that the cFMSNs contained-coatings resultant CCM
significantly enhanced ECM mineralization of BMSCs comparted to M/
0FMSN CCM, and the enhancement followed the trend of M/5FMSN
CCM < M/10FMSN CCM < M/20FMSN CCM. These results indicated
that the cFMSNs contained-coatings resultant CCM accelerated BMSCs
osteo-differentiation by means of promoting cells to a mature pheno-
type and expediting ECM mineralization, and more cFMSNs contained-
coatings resultant CCM exhibited more pronounced enhancement.

Fig. 6A shows the micro-CT images, reconstructed with and without
the new bone, of the bare and coated Mg pillars implanted in femoral
condyles of rats for 4 weeks. The bare Mg pillar underwent the most
pronounced volume reduction, but the volume reduction was slight for
the coated Mg pillars, especially for the 20FMSN-coated Mg pillar,
showing almost no volume reduction after 4 weeks of implantation
(Fig. 6A and B). The results revealed the effective protection of the
cFMSN contained coatings to Mg substrates, keeping in line with the
results of the corrosion tests in vitro (Fig. 3). Furthermore, the re-
constructed Micro-CT images exhibited that the 20FMSN-coated Mg
pillar induced more new bone formation than the 0FMSN-coated Mg
pillar and far more than the bare Mg pillar (Fig. 6A), which was further
proved by the quantitative results shown in Fig. 6C. In parallel, the
quantitative analysis results in Fig. 6D and E also identified that both
the trabecular thicknesses and trabecular numbers within the peri-im-
plant new bone followed the order of 20FMSN > 0FMSN > bare Mg.
These results revealed that the quantity and quality of the newly formed
bone around the 20FMSN-coated Mg pillar were higher than those of
new bone around the 0FMSN-coated Mg pillar and much higher than
those of new bone around the bare Mg pillar. The aforementioned re-
sults were also supported by the histological stained images, as shown
in Fig. 6F, from which the bone-implant contact ratios could be assessed
(Fig. 6G). The 20FMSN-coated Mg pillar showed the highest bone-im-
plant contact ratio, followed by the 0FMSN-coated Mg pillar, and then
the bare Mg pillar with the lowest contact ratio.

4. Discussion

To inhibit the severer pitting corrosion and keep long-term me-
chanical integrity of Mg-based endosseous implants, construction of a
self-healing coating on Mg is a novel strategy. In the present work,
FMSNs were employed as CIs and loaded in the coating, which could
release F− to react with the degradation-derived Mg2+ to form pre-
cipitation film for sealing micro-defects in the coating that originated
from the corrosive fluids penetration during implantation [19,39].
Therefore, the cFMSNs contained coatings exhibited effective long term
protection to Mg substrates to inhibit large amount of H2 evolution,
Mg2+ release and alkalization of their surrounding solutions (Fig. 3D-
G). Moreover, increasing the cFMSNs loading amounts in the coatings
would further impair the corrosion pits formation on Mg substrates
(Figs. 3G and 6A), keeping longer term mechanical integrity [6,7]. On
one hand, with increasing the cFMSNs loading amounts, the interlayers
in the coatings became more compact to effectively impair the pene-
tration of corrosive fluids (Figs. 2A, 3B and C), on the other hand, more
cFMSNs significantly enhance the self-healing capability of the coating
(Fig. 3A). Notably, different from other CIs, such as Ce2+ [15], the
precipitation layer induced by F− and Mg2+ (i.e. MgF2) could be gra-
dually degraded by the Cl− contained body fluids, decreasing the risk of
osteolysis induced by the debris of insoluble passive film [20].

In addition, FMSNs could also be used as nanovehicles to con-
trollably release curcumin for modulating the macrophages-mediated
inflammatory response (i.e. osteoimmunomodulation), which plays a
key role in osseointegration of endosseous implants. Actually, the quick
switch of the macrophages from M1 to M2 phenotype at initial im-
plantation stage promotes the recruitment of BMSCs on implants and
subsequent osteo-differentiation [24,26]. Curcumin could inhibit M1
macrophage phenotype by blocking nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) expression and induce M2 phe-
notype through the activation of proliferator-activated receptor gamma
(PPAR-γ) pathway with a dose dependent manner [48,49]. It has been
reported that within 0.5 μM, higher concentration of curcumin in the
culture medium would be beneficial for switching the phenotype of
macrophages to M2 [32]. As highlighted in Fig. 3H, the loaded cur-
cumin in the coated Mg discs was continuously released with an initial
burst release followed by steady release manner, and curcumin con-
centrations of the PS immersing 5FMSN, 10FMSN and 20FMSN rose to
0.31 μM, 1.02 μM and 1.51 μM after 10 days of release. Although the
accumulative release amount from 10FMSN and 20FMSN were higher
than 0.5 μM, as calculated according to Fig. 3H and based on the ex-
periment procedure of refreshing the culture medium of macrophages
every two days, the curcumin concentrations of the culture medium
surrounding 5FMSN-, 10FMSN-, and 20FMSN-coated Mg at day 3 were
about 0.01 μM, 0.075 μM and 0.16 μM, respectively. Therefore, all the
cFMSNs contained coatings induced a quick M1 to M2 phenotype
switch of the macrophages within 3 days, and 20FMSN exhibited the
most effective osteoimmunomodulation towards anti-inflammation
(Fig. 4D).

Progressively, the cFMSNs-contained coatings accelerated the osteo-
differentiation and ECM mineralization of BMSCs as proved by the
dramatically upregulated osteognesis-related markers both at gene and
protein levels (Fig. 5B and C). Of which, 20FMSN-coated Mg exhibited
the most pronounced promotion and thus the best osseointegration
performance in vivo (Fig. 6). On one hand, the quick switch of immune
microenvironment to anti-inflammation modulated by 20FMSN could
facilitate the secretion of bone morphogenetic protein 2 (BMP2) of
macrophages [50], which would bind to the BMP receptor type-2
(BMPR2), leading to the activation of mothers against decapentaplegic
homologue 5 (SMAD5). The activated SMAD5 could form a complex
with SMAD4, which translocated into the nucleus, facilitating the ex-
pression of distalless homeobox5 (Dlx5). The Dlx5 induced the ex-
pression of Runx2, resulting in osteo-differentiation of BMSCs to ac-
celerate bone healing [36,51]. On the other hand, the degradation-
derived ions released from the cFMSNs-contained coatings, such as
Mg2+ and Ca2+, would also contribute to osseointegration. It has been
reported that controllable delivery of Mg2+ (within 200 ppm) elevated
proliferation and osteo-differentiation of osteoblasts, and the en-
hancement was more obvious with increasing Mg2+ concentrations
[52]; Ca2+ in cell culture medium would upregulate the intracellular
Ca2+ concentrations [53,54] to enhance the proliferation and osteo-
differentiation of osteogenic cells [55]. In addition, it has been reported
that moderate amounts of H2 led to the obviously higher ALP activity of
pre-osteoblasts [56] and increasing pH of the culture medium to 8–8.5
enhanced the proliferation and ALP activity of osteoblasts [57]. How-
ever, in our present work, 20FMSN-coated Mg with the best osseoin-
tegration performance (Figs. 5 and 6) induced the lowest Mg2+ con-
centration in its surrounding solution compared to 0FMSN-coated and
bare Mg, and comparable Ca2+ concentration in the solution compared
to 0FMSN-coated Mg (Fig. 3F). Moreover, within 3 days of immersion,
the H2 release from 20FMSN-coated Mg was similar with that of
0FMSN-coated Mg, and the pH values of the solutions immersing
0FMSN- and 20FMSN-coated discs were also comparable and lower
than 8 (insets in Fig. 3D and E). The results revealed that the enhanced
osseointegration by 20FMSNs-coated Mg was mainly attributed to the
osteoimmunomodulation capability of the coating.
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5. Conclusions

A three-layered coating with self-healing function had been fabri-
cated on Mg. The coating comprised an inner layer of MgO with
FMSNs@PLA sealing the pores, an interlayer of FMSNs@PLA and an
outer layer of plate-like DCPD, in which the FMSNs functioned as cor-
rosion inhibitors. Furthermore, to endow the coating with im-
munomodulation capability, curcumin, as an immunomodulatory drug,
was loaded in FMSNs (cFMSNs) to ensure its stable and controllable
release. The cFMSNs contained coatings exhibited obvious self-healing
effects to significantly inhibit the pitting corrosion formation on Mg
substrates during 21 days of immersion in vitro and 4 weeks of im-
plantation in vivo. Notably, the largest amount of cFMSNs contained
coating (20FMSN) showed the most effective protection to Mg substrate
against corrosion. Moreover, the cFMSNs contained coatings induced a
quick phenotype switch of the macrophages from M1 to M2, sig-
nificantly downregulated pro-inflammatory TNF-α, IL-1β, iNOS and
upregulated anti-inflammatory IL-10, CD206, ARG, which was mainly
attributed to the release of curcumin from the coatings. Consequently,
20FMSN with the highest release amount of curcumin modulated its
surrounding immune microenvironment more efficiently towards anti-
inflammation to facilitate osteo-differentiation and ECM mineralization
of BMSCs, achieving enhanced osseointegration by means of contact
osteogenesis compared to the coatings with moderate (10FMSN) and
lowest (5FMSN) release amounts of curcumin.
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